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PREFACE

This report, prepared by Continental Aviation and Engineer-
ing Corporation covers the design of the Continental Model 357-1 tip
turbojet engine. This work was accomplished under Hiller purchase
order HAC-1-64, Contract DA 44-177-AMC-25(T).

The Continental Model 357-1 tip turbojet is a modification of
the J69-T-29 turbojet engine (CAE Model 356-7) and is designed to
operate at the tip of a helicopter rotor.

This report is one of a series of three documents submitted to
fulfill the requirements of Hiller purchase order HAC-1 -64, Article !
Statement of Work, Item (3) (e). The reports include:

“Continental Model 357-1 Tip Turbojet Engine - Engine Design, "
Heavy-Lift Tip Turbojet Rotor System, Volume XI, CAE Report No.
942, U.S. Army Transportation Research Command,® Fort Eustis,
Virginia, October 1965,

""Continental Model 357-1 Tip Turbojet Engine - Fuel Pump and
Control System Design, " Heavy-Lift Tip Turbojet Rotor System,
Volume XII, CAE Report No. 943, U.S. Army Transportation Re-
search Command¥* Fort Eustis, Virginia, October 1965,

"Continental Model 357-1 Tip Turbajet Engine - Preliminary
Model Specification, ' Heavy-Lift Tip Turbojet Rotor System,
Volurmne XilI, CAE Model Specification No. 2253, U.S. Army
Traasportation Research Command,* Fort Eustis, Virginia,
October 1965.

s$Changed to U. S. Army Aviation Materiel Laboratories in
March 1965.
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SECTION ONE. SUMMARY

This report presents the design of the Continental Modei
357-1 tip turbojet engine designed under Hiller Contract HAC-1-64.

The Model 357-1 is a modification of the J69-T-29 engine
(Continental Model 356-7), designed to operate at the tip of a helicop-
ter rotor.

Figure 1 shows the basic arrangement of the 357-1 engine. It
incorporates a straight-through flow path with an integral jet nozzle
with the minimum number of accessories necessary to operate the en-
gine and features an integral oil tank and optional oil cooler, air start-
ing, and provisions for an anti-iced intake.

RIGHT SIDE VIEW

Figure 1. Continental Model 357-1 Tip Turbojet Ergine Mockup.
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The static sea level performance targets for the fully qualified
production Model 357-1 engine are summarized below:

Condition Pounds Thrust SFC
Military 1700 0.99
Normal 1375 0.98

The aerothermodynamic design of the engine is based on the
proven J69 engine with an airflow of 29. 5 pounds per second, 5.7
pressure ratio, and a turbine inlet temperature of 1560°F. The per-
formance of the engine is shown in Figure 2.

2000 T T T T T T T T T T T ENGINE
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L] 0
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Figure 2. Continental Model 357-1 Tip Turbojet Performance
Characteristics.



The complete engine, including oil tank and cooler, is 47.95
inches long with a maximum diameter of 27.80. The installation
drawing is shown in Figure 3.

Prelimina2ry design of the fuel control and fuel pump has been
accomplished primarily to meet the requirements of, and to provide
the necessary response and s: fety features for, a tip turbojet engine
in the hover mcde of operation.

Sufficient growth potential is available in the basic engine as
both the low cycle temperature and the pressure ratio of the axial
compressor can be increased. Increase in cycle temperature with the
present compressor design would enable the engine to easily achieve
a design point thrust of 1840 pounds at a specific fuel consumption of
1.1. A slightly modified axial compressor and a new combustor con-
figuration will enable the engine to be rated at 1900 pounds thrust at
1. 12 specific fuel consumption. Both of these aerodynamic configu-
rations have already been tested and the perfoermance verified. Fur-
ther increases in performance could be realized by aerodynamic de-
velopment of the centrifugal compressor and a new axial compressor
designéd for a higher pressure ratio and mass flow. Without adding
stages, it should be possible to develop this basic engine to 2000
pounds of thrust at approximately 1. 1 specific fuel consumpiion.
These mondifications plus the possibility of adding stages, which would
give as high as a twenty-five percent increase in thrust, should en-
able the basic engine to meet higher horsepower requirements.
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SECTION TWO. INTRODUCTION

The CAE Model 357-1, Figure 4, is a turbojet engine rated at
1700 pounds static sea level thrust, designed specifically for rotor tip
application.

The engine employs the straight-through aerodynamic flow
path of the Continental J69-T-29 engine. Air enters an annular intake
at the front of the engine and passes successively through a single-
stage transonic axial compressor, a two-stage stator, a single-stage
centrifugal compressor, radial and axial diffusers, an annular com-
bustor, a turbine inlet nozzle, a single-stage turbine, and an integral
fixed-area jet nozzle.

The engine utilizes a maximum diameter structural shell with
the two primary mounting points near the center of gravity and a
steady rest mount at the rear of the engine.

The engine employs a circulating lube system with an integral
oil tank and optional engine-mounted oil cooler. The lube system is
designed to operate in the lg vertical field static and a 235g horizon-
tal field peculiar to tip turbojet operation.

OPERATING ENVIRONMENT

The operating environment for a turbojet engine mounted at
the tip of a helicopter rotor is unique. The engine is subjected to
continuous loading of considerabie magnitude, both static and alterna-
ting, not encountered in any other application. The three basic load
directions are shown in Figure 5. The direction "R" is normal to
the helicopter rotor axis and directed radially outward, and is the di-
rection of the predominant load. The direction "F' is tangent to a
circle drawn through the tip of the helicopter rotor blades. The di-
rection ""V'" is parallel to the helicopter rotor axis. There is a con-
tinuous g field in the '"R'' direction with a superimposed alternating g
field. The g fields in the "F'' and "'V" directions are alternating. A
summary of the g fields in the three basic directions is presented in
Table 1.
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TABLE 1
TIP TURBCJET % FIELD SUMMARY
HOVERING
Percent
Direction  Continuous Alternating Frequency* of Time
R 235 +10 i 5
+20 0.2
+ 1 6 1
F - + 5 1 5
+ 2 0.2 2
+ 3 6 1
v 1 + 40 1 5
+ 20 1 2
+10 0.67 1
CRUISE
Percent
Direction  Continuous Alternating  Frequency* of Time
R 195 +10 1 5
+ 20 0.2 2
+ 1 6 1
+ 5 1 50
F - + 5 1 5
+ 2 0.2 2
+ 3 6 1
+ 3 3 50
v 1 + 40 1 5
+20 1 2
+ 10 0.67 1
415 2 49
+ 25 2 1
#* Per revolution of helicopter rotor.
ARV




Figure 5.

Engine Load Directions.

The hovering g field is applicable for 7 percent of the opera-
ting time and the cruise g field for 93 percent of the operating time.
The engine is capable of an overspeed to 259g for a total time of 30
minutes per 1, 000 hours of total flight time with one minute per oc-

currence.

The angular velocity summary is presented as follows:

In plane velocity @

Hovering flight

(7 percent):

Cruise flight

(93 percent):

L A — T 3 e ST gy

Normal operation 10. 8 radians
per second. Overspeed 11.3
radians per second for 1 minute
per occurrence for a total of 30
minutes per 1, 000 hours of total
flight time.

Normal operation 9.8 radians
per second. Harmonic variation
of + 0. 25 radians per second at
a frequency of 1 per helicopter
rotor revolution for 50 percent
of the cruise flight time.



Pitching velocity ¢

50 percent of + 1 radian per second at a fre-

cruise flight: quency of 1 per helicopter rotor
revolution.

Maneuvering + 3 radians per second at a fre-

flight: quency of 1 per helicopter rotor

revolution for Z percent of the
total flight time,

The complete operating environment specified in MIL-E-50078B
are applicable except that the g fields and operational attitudes pecu-
liar to operation at the tip of a helicopter rotor shall apply.

The operation at the tip of a helicopter rotor results in high
rotor bearing loads due to the centrifugal field, a continuous gyro-
scopic couple, and an alternating Coriolis force parallel to the engine
rotor axis. A simplified diagram illustrating these forces are shown
in Figure 6. Due to rotation w about the engine axis, any point '""P"

F
ENGINE ROTOR AXIS

HELICOPTER ROTOR AXIS

Figure 6. Forces Acting Upon Gas Turbine Rotating Elements.

v/
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knows a constant velocity V} and a constant centrifugal force CF;.
Due to rotation 2 about the helicopter axis, the same point "'P"
knows a variable velocity V2 and a variable centrifugal force CF).
Due to the variation in velocity V2 in the direction parallel to the
engine axis, point ""P'" knows an acceleration force FC, commonly
known as the Coriolis force. The summation of the Coriolis forces
produce a gyroscopic couple with resulting reactions ¥) and F2. The
Coriolis force, FC, -hanges direction above and below the ""OR'' axis.
The alternating Coriolis force, FC, produces alternating stresses in
all rotating blades, discs, and shafts with a frequency of one cycle
per engine revolution.
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SECTION THREE. MECHANICAL DESIGN

AERODYNAMIC FLOW PATH

The Continental Model 357-1 engine incorporates a straight-
through aerodynamic flow as shown in Figure 7. The flow path incor-
porates a minimum number of parts and the least amount of aerody-
namic obstructions to ensure minimum cost and maximum perform-
ance. Air enters the engine axially through a cast aluminum housing
(No. 1, Figure 7). From the inlet housing the air passes through a
1.6:1 pressure ratio transonic axial compressor rotor (2), which is
machined from a titanium forging. The air from the axial compressor
is diffused through a two-stage, precision-cast aluminum stator (3).
From the stators the air is directed into a centrifugal compressor (4),
which is composed of a machined titanium inducer and a machined
titanium radial impeller. From the centrifugal compressor stage the
air passes through a fabricated stainless steel radial (5) and axial (6)
diffuser. From the axial diffuser the air flows through the combustor
housing (7) to the annular combustor (8) where fuel is added and com-
bustion takes place. From the combustor the hot gases enter the tur-
bine inlet nozzle (9) which is fabricated from precision-cast vanes
and forged, fully machined shrouds. The gases then pass through a
forged, fully machined turbine (10). From the turbine the gases then
exit through the short integral jet nozzle (11).

ROTOR SYSTEM

The Model 357-1 rotor group, Figure 8, has two inde. .ndently
supported shaft assemblies, coupled by a relatively flexible extension
of the turbine shaft.

The compressor shaft assembly consists of an axial compres-
sor (1) and inducer (2) weldment, on which a radial impeller (3) is
piloted and attached. The axial compressor-inducer shaft is made of
two parts and electron beam welded. The intermediate section be-
tween the compressor and inducer has been aerodynamically contour-
ed to form the inner boundary of the airflow path. The axial compres-
sor is cantilevered from the shaft and extends partially over the front
bearing journal (4).

11




ian

s ! H I s
- ";\
=% & //%\\
-~ T l \

\
= it

\:g \\%\\\&\v
\\\\\

2N
Al -
\\\\\\\\\\\

- 1z

9_"‘_]‘
Y

W

et
i

ﬁ
. o ', s
‘ s o s ST

v - ) )
: ¥ a

y )

.({—

12

Figure 7. Aerodynamic Flow Path - Continental Model 357-1
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Figure 8. Rotating Assembly - Continental Model 357-1.

The turbine shaft assembly consists of a turbine rotor {11) and
intermediate shaft (12) electron beam weldment to which a shaft exten-
sion (13) is bolted and piloted. The shaft extension is coupled to the
inner hub (15) of the compressor shaft. The extension is designed to
transmit torque and axial load from the turbine to the compressor
shaft and to be relatively flexible in bending. The turbine shaft exten-
sion also serves as a fuel transfer tube, the fuel slinger (14), and the
turbine shaft forward bearing journal. The rear turbine shaft journal
is an extension of the turbine rotor.

ROTOR SUSFPENSION

The compressor shaft assembly is straddle-mounted between
two roiler bearings. The rear bearing (6) is mounted on the radial
compressor extension (5) and is housed in the forward section of the
center support housing. The front bearing (7) is axially located so
the compressor shaft radial load is divided approximately equal be-
tween the front and rear bearings.

13



The engine thrust bearing (8) is mounted on the compressor
shaft journal, forward of the front radial bearing. Both the thrust
bearing and the compressor shaft front bearing are mounted in a steel
housing, which is piloted and bolted to a cantilevered section of the
front bearing support. The thrust bearing mounting may be made with-
a controlled radial spring rate by cutting a number of longitudinal
slots in the steel housing. The soft suspension of the thrust bearing
will ensure proper load sharing between the two front bearings; that
is, the thrust bearing will absorb all the axial load and only a small
portion of the radial load.

The turbine shaft assembly is supported at the center and rear
by roller bearings and at the front by the compressor shaft. The for-
ward turbine shaft bearing (9) is housed in the rear section of the cen-
ter support housing. The rear bearing (10) is housed in the engine
rear bearing support.

The roller bearings are mounted in spherical housings that per-
mit the bearings to align themselves in the direction of the deflected or
misaligned shaft. This mounting arrangement prevents edge loading
the rollers and minimizes prestressing the shafts.

The main shaft bearings have been specifically designed for
the helicopter rotor tip application. The roller bearings are manufac-
tured from consumable electrode vacuum melt (CEVM) M-50 tool
steel with a minimum hardness of Rockwell C-(.0. The thrust bearing
is manufactured from CEVM 52100 steel with a minimum hardness of
Rockwell C-58. The use of vacuum melt results in higher quality
steels. M-50 tool steels have hardness qualities superior to normal
52100 steels, particularly in high temperature applications. These
improved quality and/or hardness properties have resulted in bearing
steels with fatigue life several times that calculated for standard bear-
ings. This increase in life expectancy is indicated in the bearing load-
life tabulation.

The rotor thrust bearing is a 60 mm bore, split inner race,
radial contact groove ball bearing. The bearing has a complement of
14 balls, 5/8-inch in diameter, having a normal operating contact angle
of 25 degrees. The inner and outer race curvatures are 52 and 53 per-
cent, respectively. The bearing has a special flanged outer race that
is piloted and clamped in the housing. The single-piece bearing cage
is machined from AMS 6415 steel, heat treated to Rockwell C-34 maxi-
mum, and silver plated 0.001- to 0.002-inch thick. The cage is

14



outer-race land piloted. The pockets of the cage are flatted in the
axial direction to minimize Coriolis ioading by the balls. The ball
component is trapped in the cage by deformed tangs on the outer diam-
eter. The cage-ball assembly is removable {rom the outer race. The
front half of the inner race has a puller groove. The gearing is manu-
factured to ABEC-5 standards.

Three of the rotor radial bearing are 60 mm bore roller bear-
ings and one is a 45 mm bore roller bearing. These bearings have
wide inner rings without lands. The rollers are accurately guided by
lands on the outer race. The bearings have a one-piece, machined,
silver plated, steel cage which is piloted by the inside diameter of the
outer race lands. The rollers, cage, and outer race are nonseparable.
The outside diameter of the cuter race is ground spherical to close
dimensional and concentricity control. The 60 mm bore roller bear-
ings have tweive 20 mm rollers and the 45 mm bore rolier bearing
has ten 19 mm rollers. The bearings are manufactured by RBEC-5
standards.

ROTOR BEARING ANALYSI3

The tip turbojet environment produces a severe, but not wholly
unlnown, combination of bearing loads. The three types of loads are:

1. Radial Loads
2. Continuous g Field Operation
3. Continuous Gyrouscopic Forces

Current aircraft engines with planetary or epicyclic reduction
gearing have bearings operating under radial loads in a continuous g
field. The g field in some cases is greater than the tip turbojet en-
vironment.

Current aircraft engine bearings are subjected to intermittent
gyroscopic forces resulting from aircraft flight and grocund maneuver
turns. The gyroscopic forces result in overturning couples on the
bearing retainer and rolling elements. The effects of these gyroscopic
couples, although not amenable to analytical evaluation, should not
prove insurmountable to develop.

The main bearing radial reactions are the res: 't of the accel-
eration forces on the engine rotor in the radial g field and the gyro-
scopic field. These reactions, centrifugal and Coriolis, act in planes

15




90 degrees to each other. The steady-state radial loads have been cal-
culated on a duty cycle basis of 93 percent operation at normal rating
(20, 790 engine r. p.m. and 640 feet per second helicopter rotor tip
velocity) and 7 percent operation at take-off or hover (22, 000 engine
r.p.m. and 700 feet per second helicopter rotor tip velocity). The
equivalent load is based upon the above duty cycle in propertion to

the roller bearing life function.

The basic dynamic load ratings of the roller bearings have been
calculated using AFBMA standards. The basic load rating is 30, 200
pounds per million revolutions for the 60 mm roller bearing and
23, 200 pounds per million revolutions for the 45 mm roller bearing.

The thrust bearing load is assumed to be constant (1270 pounds)
at both normal and take-off rated conditions. The bearing load is as-
sumed to be pure thrust and, therefore, the equivalent load is 1270
pounds. The basic dynamic load rating is 10, 580 pounds per million
revolutions, using AFBMA standa~ds.

The equivalent rotor speed of 20,860 r.p.m. has been calcu-
lated as the sum of the products of time and speed at take-off and

time and speed at rated engine power.

Table 2 presents the load and life summary for the main shaft
bearings.

16



TABLE 2
MODEL 357-1 MAIN SHAFT BEARING SUMMARY
Front Rear Forward Rear
Comp. Comp. Turbine Turbine
Thrust Roller Roller Roller Roller

Function Bearing Bearing Bearing Bearing Bearing

Cent. Load 3842 3902 2500 3321
at 235g

Cent. Load 3188 3238 2075 2756
at 195g

Equiv. Cent. 3233 3284 2105 2796
Load

Gyro. Load 2278 -2533 2083 -1827
at 235g

Gyro. Load 1971 -2191 1801 -1580
at 195g

Equiv. Gyro. 1992 -2215 1821 -1597
Load

Equiv. Load 1270 3797 3961 2783 3220
(pounds)

Materials 5 10 10 10 10
Life Factor

B;g Life Rating 2315 7980 6950 9350 13,720
(hours)

17




ROTOR STRUCTURAL ANALYSIS

The Model 357-1 engir.e rotor is suodject to all the forces nor-
mally encountered in a jet engine plus the acceleration forces pro-
duced by the engine masses rotating about the helicopter rotor centerline.

The engine rotor is subject to two significant primary stresses
normally encountered in any jet engine. These stresses are:

1. The centrifugal stresses due to rotation about the
engine 2xis.

2. An alternating stress due to circumferential vari-
ations in aerodynamic loadings.

The frequency of these alternating stresses is generally a func-
tion of strut and stator vane spacing adjacent to the rotating part. Ro-
tation about the helicopter rotor centerline produces two significant
accelerations, which are termed secondary in order to differentiate
them from the normal engine acceleration forces. These accelera-
tions are:

1. The centrifugal field.
2. The Coriolis or gyroscopic forces and moments.

The centrifugal field is relatively constant and is directed ra-
dially outward from the helicopter rotor centerline. The engine rotor
blading changes orientation in the centrifugal field once per engine
revolution and experiences an alternating stress.

The Coriolis forces are variable in magnitude and are directed
parallel to the engine axis. The rotor blading, disce, and shafts ex-
perience an alternating stress due to these alternating forces.

The two secondary stresses are alternating in nature with a
frequency of once per engine revolution.

A typical blade stress graph is shown in Figure 9, illustrating
the mean blade stress, the cyclic gas bending, and the cyclic Coriolis.
The mean stress shown is a summation of the P/A stress due to the
pPrimary centrifugal field and any steady-state gas bending stresses.
The effects of blade twist and the restoring force due to the primary

18
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Figure 9. Typical Blade Stress - Continental Model 357-1 Engine.

centrifugal field has been fully considered in the blade stress an-
alysis.

Particular emphasis has been placed upon providing generous
airfoil root fillets. These fillets have been designed to conform to an
ideal elliptical shape to allow a smooth load transition from the blade
to the rim with low stress concentration.

Axial Compressor

The axial compressor is an integrally bladed rotor, fully ma-
chined from a titanium forging. The blade mean stress and cyclic
stress summary is shown in Figure 10, and the interference diagram
in Figure 11. The modified Goodman diagram is shewn in Figure 12;
the allowable cyclic stress is 85 percent of the 108 endurance limit,
and the allowable mean stress is 85 percent of the 0.2 percent yield.

The tangential stresses in the rim section vary slightly in the
axial direction; the maximum stress is 52,600 p. s. i.
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The material is AMS 4928 titanium with an ultimate of 130, 000
p.s.i., a yield of 120,000 p.s.i., and an endurance limit of 53, 000
p- s.i. with adequate structural margin.

Inducer Compressor

The inducer compressor is an integrally bladed rotor, fully
machined from a titanium forging. The blade mean stress and cyclic
stress summary is shown in Figure 13, and the blade interference dia-
gram is shown in Figure 14. The modified Goodman diagram is shown
in Figure 15; the aliowable cyclic stress is 85 percent of the 108 endur-
ance limit, and the allowable mean stress is 85 percent of the 0. 2 per-
cent yield.

T.e maximum stresses in the rim are 46, 500 p.s.i., tangen-
tial; and 28,000 p.s.i., radial.

The materiai is AMS 4928 titaniam with an ultimate of 130, 000

p.s.i., a yield of 120,000 p.s.i., and an endurance limit of 53,000
p- 8. i with adequate structural margin.

RADIAL COMPRESSOR

The radial compressor is an integrally bladed rotor fully ma-
chined from a titanium forging. The blade stress summary is shown
in Figure 16. The blade interference diagram in Figure 17 is based
on experimental data. The disc stress summary is shown in Figures
18 and 19. The modified Goodman diagram for the blade and disc is
shown in Figure 20.

The material is 6 AL-6V-2Sn with an ultimate of 150, 000 p.s. i.,
a yield of 140,000 p.s.i., and an endurance limit of 62, 500 p. s. i.
with adequate structural margin.

Turbine

The turbine is an integrally bladed rotor fully machined from
a nickel alloy forging. The blade mean stress and cyclic stress sum-
mary is shown in Figure 21, and the blade interference diagram in
Figure 22. The modified Goodman diagram for the blade is shown in
Figure 23; the allowable cyclic stress is 85 .ercent of the endurance
limit and the allowable mean stress is 85 percent of the 1, 000-hour
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stress rupture stress. The disc mean stress and the mechanical
property summary for Udimet 790 material is shown in Figui~ 24.
The modified Goodman diagram for the disc is shown in Figure 25.

The stress and vibration levels for the disc compared to the

material properties show an adequate structural margin for the
turbine.

CRITICAL SPEEDS AND SHAFT STRUCTURAL ANALYSIS

The principal source of mechanical vibration in a gas turbine
engine is unba’ance in the rotor system. This unbalance may excite
critical speeds in the rotor itself or induce resonance in any combina-
tion of structural elements that may be tuned to the recurring fre-
quency of the rotor. If sufficient flexibility exists in a rotor system,
lociked-in bending moments caused by the uneven distribution of unbal-
ance along the length of the rotor may cause thr. shaft to deflect at
high speeds. This deflection will destroy the balance that was pre-
viously obtained at lower balancing speeds.

The lightweight, high bending modulus rotor system, combined
with the high spring rate rotor suspension system and the short spans
between bearing supports, has resulted in a design that permits rea-
sonable bearing loads and shaft deflection under the environmental con-
ditions. This combination of rotor and supporting system compliances
has also minimized the effect of rotor unbalance and critical speeds.

The shaft flexural critical speeds are above the engine opera-
ting range. These values a~e computed using finite spring rate at the
bearing -upports and giving full consideration to the gyroscopic stiff-
ening effects of high mass moment of inertia components in the rotor
system.

The critical speeds and the bearing support spring rates are
given below.

Critical Speeds: )

Compressor Shaft 41,000 r.p. m.

Turbine Shaft 38,300 r. p. m.

35




egmrrtYTTTUTIONOD O T T T
—.-—T_—t . ?_,-p . * .?_ t__+ ._l ._..; .5_ -*..
—i—' -IL H ~MATER!AL - UDIMET 7oo
= -— :
A 8 < ! . -
1 é i N
lo¢ ‘—f—‘l"ii—'*_l— "} ULTIMATE N —
p—# -~ —4 - -J B ot g -+ -4 4 44 4
N i TT * A
—0———T———Q i : - 4—
--—»—--4‘-- -+ L } \
3 . : T \
140 S ' ~
SEEEEE
< i {
.—_._.’_- : T_ Y
A ik - l 4
o |t
I o.z',’lc YIELD
: b g g
o R ! ] ‘i [ L Y R S -y
@« 3 - 4 “:
. £ : i N
2900 f—= - — 4 —+—+-4— i $ l 4
- : .-.4__,{_- | 1000-HR. STRESS RUPTURE 1 \
0 : H i
i :
x i
— =
(74
80
i { \
] "
‘ X
. | \
Y _4¥— RADIAL NK 1
. : ]
i - \ f_.,'.__;__ A — \1‘
10 b———% TANGENTIAL TN T 1T
A A ' b
L I i D \
H 1 .
20 : ' 1 5
]
! \; \
44,615
0 | | [
0 1 2 3 4 5 6

RADIUS - INCHES

Figure 24. Turbine Disc Steady-State Stresses - Continental Model
357-1 Engine.

36

--.'—rq;l—-\»_»wo--—- L ke .uwv» -




e

.
BPE e

e

"3SY(] AUIQANT [-.5€ 19PON [LIUSUIIUOD 107 Weiderq uewpooD PIJIPON gz dandry

IN3DHAd - ATEVMOTIVY NVIW O /NVIND

00t 06 o8 0L 09 05 oy of 02 o1 0
!‘A.. \H‘ ‘lJﬁ - ﬁ |J.l °
: or 8
. o -
[ 3}
1 - oz [
Q
i = R Y S € > o M
- * - b 4 - — -+ - —g- -4 S ey 4 —— <
I n
— t+ oy m
p—— — 4 <= i = ll‘ﬁu -
AW T 1719 ] >
- - og m
o
9 %
N e m
+—1t— —{—+t - YZﬁ PN G [0 U (R DR S S oL ,
; e o
B dobd B
_ < o8 Q
T 171 T 7 L4vHS ¥31N0 LVvY ~ 17T NN z
i ) . W . .. 1avHs ..__u7_~z_.a<0 =3t 06
= e e g+ otet—d— 14—+ 00 LaWiGN T , J’.ln.
:r_ J L L1 T el o -— =i

37



Spring Rates:

5.67 x 10° 1b/in.

No. 1 Bearing Support

No. 2 Bearing Support 108 1b/in.

108 1b/in.

n

No. 3 Bearing Support

6.52 x 10° 1b/in.

No. 4 Bearing Support

The torsional critical speed of the turbine is 9, 300 r.p. m.,
placing it slightly below the engine idle speed.

The maximum cyclic compressor shaft stress is 18, 100 p. s.i.
The endurance limit of the AMS 4928 titarium shaft material is 53, 000
p.8.i., with adequate structural margin.

The maximum cyclic turbine shaft stress is 11,600 p. s. i.

The endurance limit of the Waspaloy shaft material is 50, 000 p. s. i.,
with adequate structural margin.

STATIC STRUCTURE

The application of the Model 357-1 engine has required that
particular emphasis be placed upon the rigidity of the static structure.
Maximum section meduli with minimum weight have been obtained by
the use of annular structures without longitudinal joints. Minimum
shear loads and bending moments have been effected through the use
of lightweight materials and short length multipurpose components.

Components subject to temperature gradients have been de-
signed with gradually varying sections to keep thermal stresses with-
in the material capabilities. Flinges necessarily represent abrupt
changes in section, and all have been isolated from the high tempera-
ture areas by suitable conical or cylindrical transition sections.
These sections are designed to provide compliance between the rela-
tively stiff flange and the thermally cycled hot parts. Maximum ther-
mal stresses are experienced during temperature transients. Flange
materials have been chosen that will provide yield points above the
high transient stresses as well as suitable stress rupture properties
at stabilized temperature levels.
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Care has been taken to make welds only in areas of gradual
section changes. Struts and bosses have exterded lips tapering to
approximately sheet thickness at the weld areas. Annular flanges
have conical or cylindrical extensions gradually tapering to sheet
thickness at the weld areas. These extensions provide essentially
identical heat conduction sections at the weld in order to realize
maximum physical properties in the weld regions. The welds, being
in areas with gradual section change, are subjected to minimum ther-
mal stresses.

The basic structural support of the Model 357-1 engine, Fig-
ure 26, is the center support ring (I). The ring directly supports the
radial loads of the center bearings and the center support members.
The front bearing support and the attached accessories are cantile-
vered from the center support ring by the compressor housing. Like-
wise, the rear bearing support and the exhaust nozzle are cantilevered
by the combustor housing. The primary engine support lugs are an in-
tegral part of this center support ring.

The center support lugs, located 60 degrees apart on the in-
board side of the engine, support the centrifugal force of the engine,
the precession moment of the engine rotor, the vertical (flapping) ac-
celeration forces, the shear forces resulting from the chordwise (lead
and lag) acceleration of the helicopter rotor tip, and the shear force
of the engine thrust.

An engine stabilizing lug is located on the inboard side of the
rear bearing support ring (20). This lug is designed to take reactions
in line with the helicopter rotor blade, allowing free motion in other
directions. The basic loads supported by this lug are the reactions
resulting from moments of the engine forces about the center support
lug. These include the centrifugal force acting through the engine cen-
ter of gravity normal to the helicopter rotor axis, and the chordwise
acceleration forces and the engine thrust acting parallel with the en-
gine rotor axis.

The front bearing support (2) is a one-piece aluminum casting
cousisting of the front support ring, five radial struts, and a front
bearing housing. The support is provided with cored and drilled pas-
sages for the accessory drive shafts, pressure and scavenge oil, fuel
supply, overboard drains, anti-icing, and labyrinth seai pressuriza-
tion air.
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The front bearing housing supports the compressor shaft front
radial bearing (3), the engine thrust bearing (4), the internal acces-
sory-gear drive (5), the fuel transfer labyrinth seal (6), and the inlet
nose cone (7).

The front bearing housing and the front support ring aie con-
nected by five struts, crossing the airflow path. The boundary sur-
faces form a smooth contour for the air entry into the axial compres-
sor (8). Three of the struts shroud the accessory drive shafts to the
fuel pump, fuel control, and the oil pump. The orientation of these ac-
cessories in the centrifugal field has dictated the location of the struts.
The remaining struts are spaced for load distribution and structural
rigidity of the support.

The front support ring furnishes the mounting and accessory
drive pads for the engine accessories. A cylindrical extension serves
as the axial compressor shroud, while forming a closure with conical
extensions of the compressor housing (9) to create the anti-icing and
air start annuli. This extension also traps the axial stators (10), and
prevents their rotation by a slot and tang engagement. The outer sup-
port ring is piloted and bolted to the front flange of the compressor
housing.

The axial stators (10) are precision-cast aluminum to provide
close dimensional and form control. They are split in two circumfer-
ential segments, doweled, and machined as an assembly. The stators
are nonstructural elements, thus keeping distortion to a minimum and
stress levels low.

The titanium compressor housing (9), is fabricated of an inner
and outer shell joined at both ends. The outer shell is integral with the
center support ring and forms the primary front structural casing.

The inner shell forms the shroud for the radial inducer (11), the outer
boundary of the inter-compressor air passagé, and the pilot for the
axial compressor stators. The cavity formed by the closure of the
two shells serves as the engine oil tank (12).

The compressor housing is redundant with respect to the trans-
mission of axial and radial loads. However, the structural members
supporting the inner shell are axially flexible relative to the conical
member transmitting the load to the outer shell. The major portion
of the internal gas loads is transmitted through the inner shell, result-
ing in axial deflections which do not affect critical clearances.
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A steel weldment consisting of the cast axial difiuser segments
and the forged, fully-machined, center support diaphragm (13), is
piloted in the center support ring and trapped by the combustcr hous-
ing (17). The center bearing housing (14) is bolted to the inside diam-
eter of the center support diaphragm. This cast and machined hous-
ing supports the radial loads of the compressor shaft rear bearing and
the turbine shaft front bearing.

Th~ radial compressor shroud (15) and the radial diffuser as-
sembly (16) are trapped in the compressor housing by the center sup-
port diaphragm. These components are mutually interlocked, and the
center support diaphragm assembly is prevented from rotating by a
slot and tang engagement with the combustor housing. The differen-
tial pressure acting on these components is transmitted as an axial
load through the radial diffuser and the radial compressor shroud to
the conical segments of the compressor housing.

The combustor housing (17) is a steel casing with a welded
flange at each end. The front flange is bolted to the center support
ring. The rear flange is boited to and supports the rear bearing sup-
port (20), exhaust nozzle (21), combustor shell (18), and turbine inlet
nozzle assembly (19).

The rear bearing support (20) is a welded assembly of forged
and machined steel. The support consists of an outer ring, five sup-
port struts, and an inner housing. The support houses the turbine
shaft rear bearing and supports the exhaust nozzle through a conical
isolation section. The turbine shaft rear bearing radial load and the
axial gas loads exerted on the exhaust nozzle are transmitted from
the rear bearing support through the combustor housing to the center
support flange.

The exhaust nozzle (21) is a sheet metal weldment consisting
of the outer duct, five vanes, and the inner cone. The inner cone is
supported from the outer duct by the vanes. The vanes also shield
the support struts, oil supply and scavenge lines, and the labyrinth
seal air supply from the turbine exhaust gases.

The exhaust nozzle is required to support only its own weight
in addition to a small axial load. However, deformation of the nozzle
in the g field will critically affect engine performance. The plug-type
nozzle has been designed for low shear loads and bending rnoments at
the support structure with high conical rigidity at the critical flow
areas.

42




o ——p——

“V—— e | o e .

The turbine inlet nozzle (19) is a welded assembly consisting
of an outer ring, 25 hollow vanes, and an inner cone. The assembly
forms the boundary passage for the combustion gases, directing the
flow into the turbine. The assembly is enclosed by relatively cool
compressor discharge air, which passes through the holiow passages
of the vanes and through the inner combustor shell assembly to the
combustion chamber.

The inner cone supports the inner combustor shell assembly
and serves as labyrinth seal shrouds at the rear of the fuel slinger
and at the turbine inlet. The inner combustor shell consists of a
conical support and a perforated dish which directs air into the pri-
mary combustion zone and absorbs thermal radiation. The two parts
are welded at their inner diameters and are free to #xpand in radial
and axial directions.

The outer ring of the turbine inlet nozzle has a cylindrical
extension which serves as the turbine shroud. The ring is fla.ged
at each end. The front flange pilots and is bolted to the outer com-
bustor assembly.

The outer combustor (18) is fabricated in two pieces: the
outer shell and the swirl vane. The swirl vane, which directs pri-
mary airflow into the combustion chamber, is located axially to the
outer combustor shell by spring clips. The vane is piloted at the in-
ner diameter and restrained from axial deformation by the center bear-
ing housing rear labyrinth seal. This construction allows free radial
expansion of the vane, which is subject to large thermal gradients. A
conical support is welded to the front of the outer combustor shell.
This support is perforated and slotted to provide passages for the pri-
mary combustor air and the center bearing housing oil supply and
scavenge lines.

The bolted assembly, consisting of the outer combustor shell
and the turbine inlet nozzle, is attached to the combustor housing rear
flange through a conical transition segment. This.-assembly is radially
supported at the front end by the outer combustor shell support pilot-
ed by a cylindrical extension of the center support diaphragm (13).
Therefore, the assembly is radially supported at both ends and is free
to expand axially in the forward direction.

The radial support required for the outer combustor shell and
turbine inlet nozzle assembly-is for its own distributed load in the g
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field. The pressure differential across the turbine inlet nozzles and
the turbine inlet labyrinth seal results in an axial load that is trans-
mitted through the combustor housing to the center support ring.

The general structural philosophy has been to use large-diam-
eter, continuocus structure with suitably compliant sections that per-
mit tightly bolted joints. This eliminates the necessity for expensive
sliding joints, which are subject to fretting, high frequency vibration,
and higher manufacturing costs.

Front Bearing Support Frame

The front bearing support frame is a cast aluminum ring and
spoke structure. The stress and spring rate summary is shown in
Figure 27. The material yield point is 33,000 p.s.i. and the ultimate
is 43,000 p. s.i.

The maximum stresses are below the yield in both the 235 and
259g condition. Localized yielding may occur at the 367g overspeed

condition but this is considered satisfactory.

Center Support Ring

The center support ring is machined from a titanium forging.
The ring is stiffened internally by the center main bearing diaphragm.

The support ring stresses are essentially symmetrical above
and below the horizontal center plane of the engine. The highest
stresses exist in the 0- to Y90~ degree quadrant, and these values
are tabulated in Figure 28. These values are shown for the 235, 259,
and 367g conditions.

The ring material is 6AL-6V-25n titanium with an ultimate of
150,000 p.s.i. and a yield of 140, 000 p. s. i,

The ring stresses are well below the yieid for the 235 and 259
g condition. Localized yielding may occur at the 367g overspeed

condition but this is considered satisfactory.

Center Bearing Support (Compressor Cover)

The center bearing support is fabricated from cast steel vanes
along the OD and a fully machined steel forging in the center.
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9 FIELD
ENGINE SUPPORT RING
tG 9 BENDING STRESS HOOP STRESS COMBINEL STRESS

D FIELD k.s.i. k.s.i. k.si.
0 5 51.2 ki A3 90.7
Yo ) S6.4 43.5 9.9

367 80.0 60.1 140.1

10 235 B9 376 7.5
59 37.4 4.4 78.8

367 530 58.8 1.8

2 235 128 35.0 478
Yo .1 36 527

367 0.0 54.6 746

K i) 235 227 9.1 418
2% 25.0 riR 4.1

367 B4 29 65.3

] 35 9.6 49.3 58.9
35 10.6 54.3 64.9

%7 15.0 77.0 920

50 235 4.7 8.9 636
29 16.3 53.9 70.2

367 230 76.3 9.3

60 235 27.6 46.1 73.7
% 30.4 50.8 81.2

367 430 72.1 115.1

65 a5 288 4.8 73.6
2% Nz 9.4 s

367 45.0 70.0 115.0

70 235 26.9 439 70.8
259 .6 48.4 78.0

367 420 68.6 10.4

80 235 16.6 40.1 56.7
- 18.3 4.2 62.5

%7 26.0 62.6 88.6

90 235 5.1 383 43.4
259 5.7 422 479

367 8.1 %98 67.9

Figure 28. Continental Model 357-1 Engine Support Ring Stresses.
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The material is 17-4 PH stainless steel with a yield of 170, 600
p-8.i. and an ultimate of 190, 000 p.s.i. The maximum stresses pre-
sented in Figure 29 show a substantial structural margin. These
stresses are computed from a combination of the air press: load
and the g field load.

—Q

STRESS STRESS k.s.i.
POINT  DIRECTION o %7g

1 TANGENTIAL 410 56.6

RADIAL 38.8 54.9

C.L. 2 TANGENTIAL  60.6 67.0
RADIAL 1.2 1.2

Figure 29. Continental Model 357-1 C ompressor Cover Stresses.

Rear Bearing Support

The rear bearing support is a welded spoke and ring structure.
The material is Inco 718 nickel alloy with 127, 000 p. s.i. yield and
147,000 p.s.i. ultimate at 1, 000°F. The stresses presented in Fig-
ure 30 show an adequate structural margin.

A summary of the Model 357-1 structural steel housing stresses

is presented in Table 3. Table 4 summarizes the combustor and tur-
bine inlet nozzle stresses at 259g,
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2 3
—1 ’ 9 FIELD
5 4 .
REAR BEARING SUPPORT

[ THERMAL THERMAL STRESS PLYS
ISVRUT STRESS | 235 STRESS  259g STRESS 367 STRESS
L k... k.s.i. k.s.i. k.s.i.

1 13.3 20.2 21.0 25.3

2 19.1 2.3 2.6 22.3

3 28.5 2.0 19.3 149

4 28.5 25.2 4.7 2.7

5 19.1 5.4 26.0 29.7

Figure 30. Continental Model 357-1 Rear Bearing Support Stresses.

TABLE 3
STRESS SUMMARY FOR STRUCTURAL SHEET HOUSINGS

Longitudinal Stress, k. s.i. | Material Properties, k. 8. i.

g
Item - Field Tension Comp. | Ultimate Yield Buckling
Compressor 259 23.7 14.1 150 140 23.7 }
Housing* 357 29.6 20.0 |
Combustor 259 22.6 17.9 147 98 35.3
Housing 367 28.4 23.7 at 600°F at 600°F at 600°F

* Hoop stress, 12,100 p.s.i.

The compressor housing and the combustor housing are large
diameter, high inertia, structural bearns. The relatively thin sheet
metal construction produces a beam critical in buckling. The stress
summary indicates considerable tensile yield strength margin and
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compressive stresses below the material buckling limit. The combus-
tor housing physical propertias are given at the maximum expected
temperature for the parts.

TABLE 4
COMBUSTOR AND INLET NOZZLE (TIN)
STRESS SUMMARY AT 259g
Material Ovperating
Stress Yield Temp.
Item (k. s.i.) Type (k. 8.i.) (°F)
Combustor Flange 29.5 Eending 35.0 1200
Combustor Shell 12. 4 ' Ben<ing CeBRS 1200
Combustor Shell 11.0 Tangential 35.0 1200
TIN Inner Shell 5.7 Shear 21.0 1000
TIN Vane 3.3 Shear 21.0 1200

The combustor structure is a large-diameter shell supported
laterally at its forward and aft sections. In order to withstand the
high g loads, the forward support was incorporated..

The stress summary and material properties indicate an ade-
quate margin for the combustor and turbine inlet nozzle in the 259g
field. The 367g stresses are not presented due to the fact that the
combustor and turbine inlet nozzle would be completely contained
within the external supporting structure in the event of their failure.

ACCESSORY DRIVE

The accessory drive train, Figure 31, consists'of four spur
gears and four bevel gears, which provide the three drives tabulated
below:

Drive
Drive Horsepower
Oil Pump 2.5
Fuel Pump 8.0
Fuel Control 0.25
Total 10.75
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The r.p.m. signal will be provided from the fuel control.

Referring to Figure 31, a high speed spur (1) originates from
the center of the engine, drives a compound spur-bevel gear (3)
through a compound idler (2). Th= bevel gear (3) drives three radisl-
ly located bevel gears (5), (6), and (7). The three gears drive through
three radial tower shafts (8), (9), and (10) to furnish the three acces-
sory drives.

Operation in the tip turbojet environment requires tie particu-
lar orientation of accessories shown. The fuel control axis must be
horizontal, the fuel pump axis vertical, and the oil pump in the lower
outboard quadrant.

The three accessory drive pads are located on the outside di-
ameter at the front frame of the engine and are designed to suit the en-

gine requirements. Accessory drive capabilities are tabulated below:

Torque Rating

Gear (1b-in.)
Drive Ratio Continuous Static Rotation*
Oil Pump 0. 2984 24.2 - Counterclockwise
Fuel Pump 0.2984 77.6 310 Counterclockwise
Fuel Control 0. 2984 2.4 25 Counterclockwise

* Rotation is expressed viewing the mounting pad.

The gear teeth have been analyzed and designed against the
three general types of failure: pitting, bending or tooth breakage, and
scoring. The first two are essentially fatigue-type in character and
are functions of the total number of stress cycles as well as magnitude
of dynamic load. Scoring is usually caused by local friction welding
and will occur on the first avplication of maximum speed and torque.

The design criteria used to evaluate the gears against each of
the characteristic types of failure are: Hertz stress for pitting, root
beam stress for bending, and PVT factor for scoring.

The load used in ccmputing Hertz and beam stress is compused
of the total transmitted load plus a dynamic increment load. This dy-
namic increment results from inertia forces developed in the gear
train by instantaneous accelerations caused by inaccuracies in spacing,
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thickness, and tooth profiles. A perfect involute will transmit uni-
form angular veiocity, but any deviation from tais form will cause a
change in velocity which, over a very short time interval, represents
a high acceleration of the gear mass and all other rigidly attached
inertias in the train.

The method used in calculating the dynamic increment is based
on Buckingham's works. Although various sources have indicated
that the dynamic load as calculated by Buckingham's equation is larger
than the actual dynamic load encountered, most authorities agree that
it is the best method for comparing different designs. Continental's
experience indicates that aircraft-quality, hardened and ground gears
can operate up to 230,000 p.s.i. wear (Hertz) stress with little or no
development.

Tooth berding stresses are calculated by applying the dynamic
tooth load to the l.ewis beam stress equation. This formula determines
the equivalent stvess that would exist on a constant strength parabola
inscribed within the tooth, tangent at the base, and with its apex just
intersecting the line of action of the applied tooth load. The stress
limit that Contirental has successfully permitted on previous designs
is 100, 000 p. s. i.

The static bending stress is computed as above but using only
the static tooth load at the static torque rating.

The PVT scoring factor is a measure of the instantanecus rate
of heat generation. It combines the Hertz contact pressure and the
sliding velocity at the tip of the tooth with the iength cf the line of action
from the pitch point to the tooth tip.

The safe limit for the scoring factor using very accurate case-
hardened gears lubricated with a medium weight petroleum oil is
1,500, 000 (dimensionless). Continental's experience with MIL-L-7808
turbine oil indicates that no decrease in scoring limit is necessary.
The gears in this train have all been designed so that no PVT factor
exceeds one-third the permissible safe unit.

The accessory gear stresses are presented in Table 5. Ac-
cessory bearing loads and B-10 lives are presented in Table 6.

Figure 32 is a schematic diagram of bearing location for the
Model 357-1 engine.
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TABLE 5
MODEL 357-1 ACCESSORY GEAR STRESSES
Wear Bending Static
Stress Stress Bending
Mesh (p.s.i.) (p. s.i.) Stress
High Speed Spur 226, 100 65, 500 33, 000
Low Speed Spur 223, 000 63, 800 40, 700
Oil Pump Bevel 159, 000 44, 000 6,800
Fuel Pump Bevel 203, 000 71,600 87,400
Fuel Control Bevel 141, 000 34,600 700
TABLE 6
MODEL 357-1 BEARING LOADS AND B-1C LIVES
No. Radial Thrust Equiv.
(Ref. Speed Load Load Load Life,
Fig. 32) (r.p.m.) (lb.) (1b. ) (1b.) (Hours*)
1 22, 000 41.3 0 41.3 Over 104
2 10,645 | 63.2 0 63.2 4850
3 10, 645 4.3 0 4.3 Over 10%
4 5,207 198. 0 49.7 198.0 1280
5 5,207 118.0 0 118.0 6207
6 6,565 6.9 0 6.9 Over 10%
7 6,565 2.7 28. 4 60.6 Over 10%
8 6, 565 0 49.4 76. 5 8820
9 6,565 76.0 0 76.0 6500
10 6, 565 6.0 32.3 68.6 Over 10
11 6, 565 7.7 32.0 54.9 6360
12 6,565 7.7 0 7.7 Over 10%
13 6,565  205.0 0 205. 0 8290
14 6,565  121.0 29.5  131.2 8470
15 6,565 24.7 0 24,7 Over 10%
L=——_.__——_———-———'—_"=m=

* All accessory drive bearing lives are based on continuous i00 per-
cent speed and load.
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SEALS

Labyrinth seals are used exclusively in the Model 357-1 engine
because:

1. They are not subject to the wear problems that con-
ventional face and lip seals would experience in the
high g field.

2. They are considerably less sensitive to deflection.
3. They are virtually maintenance free.
4. They provide a far simpler engine assembly.

Straigat, constant diameter, labyrinth seals have been used
throughout the engine for simplicity, economy, easeof assembly, and
their immunity to axial tolerances and thermal growth.

The seal element proportionality and overall configuration is
based on previous engine experience as well as published literature.
The seal configurations used have been individually idealized for
sealing requirements, apace utilization, radial and axial thermal
growth, and to control the resultant rotor thrust load.

Lands of labyrinth seals of the rotating shaft structure are in-
tegral with the shaft to preclude the possitiiity of severe shaft damage
in case of severe rub.

All the engine o0il seals are designed with a low pressure differ-
ential and in such a manner that air flows into the oil compartments.
The front and center bearing cil compartment balance pressure, Figure
33, is provided by holes in the compressor shaft that expose the air
side of the oil seal to the axial compressor discharge pressure. The
air passages are large relative to the expected airflows to assu~ the
same pressure gradient across each oil seal.

Throttled compressor discharge air is provided between the
seal lands at the rear bearing oil compartrent, Figure 34. The air-
flow through the labyrinth seal alcng the back face of the turbine serves
to purge the hot exhaust gas from the oil compartment. The balance
of the air provides a relatively cool airflow into the rear bearing oil
compartment.
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ENGINEOIL OIL SEAL
BALANCE PRESSURE

ot o

| of
[:h i
ENGINE OIL

Figure 33. Continental 357-1 Engine Oil Seal Balance Pressure.

ENGINE OIL —

e e, R

Figure 34. Continental Model
357-1 Rear Bearing Oil Seal.

THROTTLED COMPRESSOR
DISCHARGE AREA
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ENGINE OIL

THROTTLED COMPRESSOR
DISCHARGE AIR

Figure 35. Continental Model
357-1 Fuel Pump and Fuel
Control Labyrinth Seal.

Throttled compressor dis-
charge air is provided between the
seal lands for the fuel pump and
the fuel control labyrinth seal,
¥igure 35. This air supply pro-
vides a continuous airflow into
the front bearing compartment.

The air flows through the
labyrinth seals into the engine oil
corrpartments, flows through the
oil scavenge line to the oil tank,
and is exhausted through the oil
tank vent to the atmosphere. The
designed airflow from the air
side into the oil compartment
produces low oil seal leakage.

ENGINE WEIGHT AND CENTER OF GRAVITY

The breakdown of engine weight and center of gravity for each
major section is presented in Table 7.
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